We report a photoelectron spectroscopy ͑PES͒ and theoretical study on a series of transition metal halide complexes: FeX 4 Ϫ and MX 3 Ϫ (MϭMn, Fe, Co, Ni, XϭCl, Br͒. PES spectra were obtained at two photon energies ͑193 and 157 nm͒, revealing the complicated electronic structures of these metal complexes and their variation with the ligand-field geometry and metal center substitution. Density functional calculations were carried out to obtain information about the structures, energetics, and molecular orbitals of the metal complexes and used to interpret the PES spectra. For the tetrahedrally coordinated ferric complexes (FeX 4 Ϫ ), the PES data directly confirm the ''inverted level scheme'' electronic structure, where the Fe 3d electrons lie below those of the ligands due to a strong spin-polarization of the Fe 3d levels. For the three-coordinate complexes (MX 3 Ϫ ), the calculations also revealed strong spin polarizations, but the molecular orbital diagrams present a ''mixed level scheme,'' in which the ligand orbitals and the Fe 3d majority spin orbitals are spaced closely in the same energy regions. This ''mixed level scheme'' is due to the larger splitting of the 3d orbitals in the stronger D 3h ligand field and the smaller spin polarizations of the divalent metal centers. The calculations show that the metal 3d orbitals are stabilized gradually relative to the ligand orbitals from Mn to Ni in the tri-halide complexes consistent with the PES spectral patterns.
I. INTRODUCTION
High spin Fe centers play important roles in many metalloproteins, particularly in iron-sulfur proteins. Extensive theoretical [1] [2] [3] [4] [5] [6] [7] [8] and spectroscopic [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] studies have been carried out to investigate the electronic structures of Fe complexes. For a high spin Fe center in the presence of a weak ligand field, such as thiolate, calculations indicate that strong exchange interactions split the Fe 3d levels into a set of spin-up ͑␣͒ and a set of spin-down ͑␤͒ levels. The majority spin levels ͑␣͒ are considerably stabilized in energy with the primarily ligand-based levels in between the Fe 3d minority and majority levels, resulting in the so-called ''inverted level scheme.'' [3] [4] [5] [6] [7] Thus in the high spin ferric complexes, the highest occupied molecular orbital ͑HOMO͒ becomes primarily ligand-based orbitals. This ''inverted level scheme'' has been confirmed by photoelectron and x-ray absorption spectroscopy experiments for the ferric complexes such as Fe III (SR) 4 Ϫ and Fe III Cl 4 Ϫ . 14 -18 However, the energy level schemes of ferrous compounds are more complicated and remain controversial. For iron-sulfur systems, theoretical calculations showed that the differences in the orbital energy diagrams between the ferric and ferrous complexes are minor. The presence of the extra electron in the ferrous complexes has only a small effect on the orbital energies, aside from a uniform upward shift. 3, 5 But single-crystal spectroscopic studies on Fe II (SR) 4 2Ϫ ͓Rϭ2Ϫ(Ph)C 6 H 4 ͔ suggested a picture consistent with the standard spin-restricted ligand field model and indicated a large electronic relaxation upon reduction. 13 A theoretical and photoelectron spectroscopic study on the ferrous Fe II Cl 4 2Ϫ complex also indicated that it is consistent with the normal level scheme, but with a significant spin-polarization. 15 While most research focused on the tetrahedral coordinate systems, three-coordinate ferrous complexes have also aroused much interest as models for the trigonal sites of the MoFe 7 S 9 cofactor of nitrogenase, 19 although a recent x-ray structure suggests that the Fe may be coordinated additionally by a nitrogen atom. 20 Q-band ENDOR 21 and Mössbauer 22 data suggest that the majority of the trigonal sites are high-spin ferrous centers exhibiting a slightly distorted planar geometry with idealized C 3h symmetry. Model complexes, such as Fe(SR 3 25 have been synthesized and studied by Mössbauer and electron paramagnetic resonance experiments. However, there has been no experimental work on a͒ Author to whom all correspondence should be addressed. Electronic mail: ls.wang@pnl.gov gaseous M II L 3 Ϫ complexes to our knowledge. Gas-phase photodetachment photoelectron spectroscopy ͑PES͒ is a powerful tool to probe the electronic structure and chemical bonding of isolated molecules or inorganic complexes without the perturbation present in the condense phase. We have developed an experimental technique, which couples electrospray ionization ͑ESI͒ with PES, to study solution phase species in the gas phase. 26 ESI is a versatile technique, allowing ionic species in solution samples to be transported into the gas phase. Our recent research has shown that the ESI-PES technique is ideal for investigating multiply charged anions in the gas phase, 27 as well as anionic metal-complexes commonly present in solution. 28 32, 33 The spectral patterns of these complexes agree well with spin-polarized calculations, which suggest that the ''inverted level scheme'' is a general feature of the electronic structures of these Fe-S complexes although they have different oxidation states and coordination numbers.
In the current paper, we extend the PES and theoretical studies to a series of transition metal halide complexes, FeX 4 Ϫ and MX 3 Ϫ (MϭMn, Fe, Co, Ni, XϭCl, Br͒. Electronic structures of these complexes and their systematic variation upon changes of the ligand-field geometry and the metal centers are investigated. The PES spectra of the tetrahedrally coordinated ferric complexes FeX 4 Ϫ (XϭCl, Br) were obtained at 157 nm. Density functional theory ͑DFT͒ calculations were carried out to help interpret the PES data. All the spectral features were assigned to detachment from ligand orbitals by comparing with the spectra of d 0 complexes, ScX 4 Ϫ (XϭCl, Br), confirming that the electronic structure of FeX 4 Ϫ (XϭCl, Br) conforms to the ''inverted level scheme.'' The PES spectra of the series of tricoordinated 3d transition metal complexes were taken at two photon energies: 193 and 157 nm. The spectral features show strong ligand and photon energy dependence. DFT calculations were carried out for all the tri-coordinate complexes and revealed strong spin polarizations. But the molecular orbital ͑MO͒ diagrams present a ''mixed level scheme'' for the tri-coordinate complexes, in which the ligand-based MOs and the 3d majority spin orbitals are spaced closely in the same energy regions. This ''mixed level scheme'' is consistent with the PES spectral pattern.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
The experiment was carried out with the ESI-PES apparatus, which has been described in detail elsewhere. 26 Only a brief description of the experimental procedure is given here. complexes were observed because they were no expected to be stable in the gas phase. 34 In the PES experiment, the MX 4 Ϫ and MX 3 Ϫ anions of interest were mass-selected and decelerated before being intercepted by a laser beam in the detachment zone of the magnetic-bottle photoelectron analyzer. For the current study, two photon energies, 193 nm ͑6.424 eV͒ and 157 nm ͑7.866 eV͒, from an excimer laser were used for photodetachment. The photoelectrons were collected at nearly 100% efficiency by the magnetic-bottle and analyzed in a 4-m-long time-of-flight tube. Photoelectron time-of-flight spectra were collected and then converted to kinetic energy spectra, calibrated by the known spectra of I Ϫ and O Ϫ . The binding energy spectra were obtained by subtracting the kinetic energy spectra from the corresponding photon energies. The energy resolution was about 10 meV ͑full width at half maximum͒ for ϳ0.5 eV electrons, as measured from the spectrum of I Ϫ at 355 nm.
The broken-symmetry DFT method, [5] [6] [7] 35 specifically with Becke's three parameter hybrid exchange functional 36, 37 and the Lee-Yang-Parr correlation functional ͑B3LYP͒, 38 was used for geometry optimization and for the investigation of the electronic structure and energetics of the complexes. Our previous work showed that the B3LYP method gives a reliable description of the structural and redox properties of iron-sulfur clusters with respect to other conventional ab initio and DFT methods. 33, 39 A set of triple-basis sets, 6-311ϩϩG(3d f ,3pd), [40] [41] [42] were employed for all atoms in the calculations. The triple-basis sets ͑611111111/51111/ 311͒ were enhanced with three sets of f functions and one set of g function for the Mn 43 All calculations were performed using the NWCHEM 44 program package. The molecular orbital visualizations were performed using the extensible computational chemistry environment ͑Ecce͒ application software. Ϫ and ScBr 4 Ϫ , which formally have no 3d electrons on the metal center. Two well-separated bands (X,A) were observed in the spectrum of FeCl 4 Ϫ ͓Fig. 1͑a͔͒. The band X was very broad with three discernible fine features ͑1, 2, 3͒. The band A was relatively sharp and appeared to be cut off. The spectrum of FeBr 4 Ϫ showed more spectral features ͑labeled from X to D͒ because of its lower electron binding energies and larger spin-orbit splitting.
The scandium tetrahalide anions are superhalogens 46 Ϫ also appeared to be cut off.
B. FeX 3 À and MnX
The spectra of FeX 3 Ϫ and MnX 3 Ϫ (XϭCl, Br) are shown in Fig. 2 at 193 and 157 nm. The spectra of the two ferrous complexes exhibit a well-resolved and relatively weak threshold peak (X). The very weak feature near 3.6 eV in the 193 nm spectrum of FeCl 3 Ϫ ͓Fig. 2͑e͔͒ was due to Cl Ϫ as a result of photodissociation (FeCl 3 Ϫ →FeCl 2 ϩCl Ϫ ), which appeared to occur only for this complex at 193 nm. The spectra of the two ferrous halides are similar, in particular the X band in both species has nearly the same binding energy. However, more features were observed in the bromide complex ͓Fig. 2͑b͔͒ and they shifted to lower binding energies, analogous to that observed in the ferric halides ͓Figs. 1͑a͒ and 1͑b͔͒. It should also be pointed out that the B band in the spectra of FeBr 3 Ϫ seemed to show a strong photon-energy dependence: its relative intensity was significantly reduced in the 157 nm ͓Fig. 2͑b͔͒ compared to the 193 nm spectrum ͓Fig. 2͑f͔͒.
The spectral patterns of MnX 3 Ϫ are very similar to those of the FeX 3 Ϫ counterpart. There is almost a one-to-one correspondence between the spectral features of the Fe and Mn complexes as labeled in Fig. 2 , except for the absence of the X feature in the spectra of the Mn complexes. The photon energy dependence of the B band for the ferrous bromide was also observed for the Mn bromide. In addition, we also observed a strong photon energy dependence of the B band in the spectra of Mn chloride: the relative intensity of the B band was significantly reduced in the 157 nm ͓Fig. 2͑c͔͒, similar to that observed in the bromide complex. A similar phenomenon could not be observed in the ferrous chloride because its B band has too high a binding energy and was partly cut off in the 193 nm ͓Fig. 2͑e͔͒.
C. CoX 3
À and NiX 3 À "XÄCl, Br… Figure 3 shows the spectra of CoX 3 Ϫ and NiX 3 Ϫ (X ϭCl, Br) at 193 and 157 nm. The spectral features become considerably more congested for these species, especially for the Ni complexes. The spectra likely contain numerous overlapping features and only some of them are tentatively labeled for later discussion. The spectra of CoCl 3 Ϫ are quite similar to those of FeCl 3 Ϫ except near the threshold region: the higher binding energy bands (A -E) are similar in their relative intensities and occur in the same energy range in both systems. However, whereas a single weak threshold band (X) was observed for FeCl 3 Ϫ which is well separated from the A bands, two weak threshold bands (X1, X2) seemed to be present for CoCl 3 Ϫ ͓Fig. 3͑a͔͒ and were shifted to higher binding energies relative to the X band of FeCl 3 Ϫ . In addition, the X2 band of CoCl 3 Ϫ showed a strong photon energy dependence, being much enhanced in the 193 nm spectrum ͓Fig. 3͑e͔͒. The spectra of CoBr 3 Ϫ were much more congested. Two threshold features (X1, X2) can be tenta- tively identified, which occur in the same binding energies as those in the CoCl 3 Ϫ spectra, but the X2 component was overlapped with the A band ͓Fig. 3͑b͔͒.
The spectra of the two Ni halides were much more congested. The weak low binding energy features present in the spectra of the Fe and Co halides were not observed in the spectra of NiX 3 Ϫ . In addition, the threshold feature (X) in NiBr 3 Ϫ was observed to shift to lower binding energies relative to that in NiCl 3 Ϫ , whereas in the Fe and Co halides the threshold peak was insensitive to the ligand.
D. Electron detachment energies
The adiabatic ͑ADE͒ and vertical ͑VDE͒ detachment energies of the threshold peaks of each complex are listed in Table I . The VDEs of all observed features are given in Table  II . The ADE of the threshold peak represents the electron affinity of the neutral species. Because of the lack of vibrational resolution, it was determined approximately by drawing a straight line along the leading edge of the threshold band and then adding the instrumental resolution at that energy to the intersection with the binding energy axis. The VDE of each peak was measured directly from the peak maximum. The ADEs determined from the 193 and 157 nm spectra for the MX 3 Ϫ complexes were consistent, but the values from the 193 nm data are given in Table I because of the better resolution in the lower photon-energy spectra.
IV. THEORETICAL RESULTS
To understand the PES features of the M III X 4 Ϫ and M II X 3 Ϫ complexes and their variation with ligand types and the nature of the metal center and elucidate their electronic structures, we carried out a theoretical investigation using DFT method. The electronic structures of the complexes were qualitatively analyzed through molecular orbital theory.
A. FeX 4 À "XÄCl, Br… and the inverted level scheme
The tetra-coordinated ferric complexes, Fe III X 4 Ϫ (X ϭCl, Br), were found to have T d symmetry. Electron detachment results in a geometrical distortion from T d to C 2v , where two trans ЄX-Fe-X angles increase by about 15°a nd the metal-ligand bond length decreases by about 0.1 Å. The spin-exchange interaction leads to strong spin polarization, splitting the occupied Fe 3d ␣-spin orbitals and ␤-spin orbitals. Most Cl(3p)/Br(4p) orbitals lie below the metal ␤-spin orbitals ͑unoccupied in the ferric complexes͒ and above the metal ␣-spin orbitals, resulting in the inverted level scheme, as shown in Fig. 4 Ϫ is either a Co d xy ␤-spin orbital with Co-X * character in a ''T-shaped'' C 2v structure or a Co d yz ␤-spin orbital with Co-X * character in a slight ''Y-shaped'' C 2v structure ͑one ЄX-F-X angle is less than 120°͒. The latter is slightly more stable by 0. 16 planar ''T-shaped'' structure with C 2v symmetry, while neutral NiBr 3 has a planar ''Y-shaped'' structure also with C 2v symmetry. The B3LYP/6-311ϩϩG(3d f ,3pd) optimized geometries of all the complex anions and their corresponding neutral are shown in Table III . The ADE and VDE of the threshold peak of each complex were also calculated and are compared to the experimental values in Table I .
V. SPECTRAL ASSIGNMENTS AND DISCUSSION
The PES features shown in Figs. 1-3 represent transitions from the ground state of the anions to the ground and excited states of the corresponding neutral molecules. Within the single-particle approximation, these PES features can be alternatively viewed as removing electrons from the occupied molecular orbitals of the anions. Our PES data revealed a very high density of electronic states for the metal halide complexes, due to the open d-shell and the spin-spin and spin-orbital couplings. A detailed state-by-state assignment for each spectrum is not feasible. We will qualitatively understand the PES spectra and compare with the theoretical results. It will be shown that the basic electronic features and trend of the 3d metal halide complexes as represented in Figs. 4 and 5 are consistent with our PES data.
A. FeX 4

À "XÄCl, Br…
The electron configuration of Sc in ScX 4 Ϫ is d 0 and its PES spectrum provides an excellent reference to distinguish between 3d and ligand features for the tetra-coordinate ferric complexes. The 157 nm spectrum of ScCl 4 Ϫ ͓Fig. 1͑c͔͒
showed two strong features at a very high binding energies, which should be entirely due to detachment from ligandbased MOs. result of the strong spin polarization pushed the 3d ␣ orbitals below the ligand-based orbitals, giving rise to the ''inverted level scheme.'' The HOMO of the ferric FeCl 4 Ϫ is the degenerate Cl(3p) ␣-spin orbitals with a Fe-Cl antibonding character. Thus, a better electron donor ligand will lead to lower electron binding energies, as observed in the spectrum of FeBr 4 Ϫ relative to that of FeCl 4 Ϫ . The Fe-X antibonding character of the HOMO of FeX 4 Ϫ , indicative of the covalent character between the Fe-X bonding, is consistent with the broad X band observed in their PES spectra.
PES of FeCl 4 Ϫ in single crystal CsFeCl 4 had been studied previously at variable photon energies ͑25-150 eV͒.
14 Three broad peaks were observed in the PES spectra in the electron binding energy range of 2-8 eV and were assigned using the relative intensity changes in the photon energy dependent study. The threshold peak was shown to have covalent mixing characters between Fe 3d and Cl 3p; the second peak was shown to have the greatest atomic Cl-like behavior; and the highest binding energy band was shown to contain more Fe 3d character. This previous work confirmed the inverted level scheme in the FeCl 4 Ϫ center, as shown in Fig. 4 . Our PES spectrum of gaseous FeCl 4 Ϫ ͓Fig. 1͑a͔͒ is similar to the first two peaks observed for FeCl 4 Ϫ in the CsFeCl 4 crystal, but at much higher resolution. The covalent character of the HOMO observed in our PES data is consistent with the previous PES study, as well as a previous study using ligand K-edge x-ray absorption spectroscopy, 48 which showed 86% total covalency in FeCl 4 Ϫ or 21.5% per Fe III -Cl bond.
B. MnX 3 À and FeX
The spectra of the tri-coordinate ferrous complexes FeX 3 Ϫ ͑Fig. 2͒ showed a weak band at about 4.2 eV for both the Cl and Br complexes, indicating that this band must be from a purely 3d orbital. The second band ͑A͒ is well separated from the X band and showed a significant dependence on the ligand type, shifting to a lower binding energy by about 0.26 eV in the Br complex ͑Table II͒. The higher binding energy features ͑B to E͒ of the two complexes also have clear resemblance and shifted to lower binding energies in the Br complex. These observations suggest that the higher binding energy features should be due to ligand-based MOs. These overall spectral patterns for the tri-coordinate ferrous complexes agree well with the calculated MO spectral pattern shown in Fig. 5͑b͒ for FeCl 3 Ϫ . The calculated MO pattern revealed a ''mixed level scheme,'' in that the Fe 3d ␣ orbitals are in the same energy region as the ligand orbitals, due to the smaller spin-polarization in the ferrous complexes. The X band is then due to detachment from the ␤ electron in the d z 2 orbital ͓Fig. 5͑b͔͒. The A band should come from detachment from the HOMO of the ␣-spin orbitals, which consist of ligand-based MOs with Fe-X antibonding characters. The broad width of the A band is consistent with the Fe-X covalent character of these MOs. The higher binding energy features (B,C,...) are relatively sharp and should all be due to pure ligand-based MOs. However, in the PES spectra of the tri-coordinate ferrous complexes, we could not clearly identify detachment features from the 3d ␣ orbitals, either because they have binding energies beyond our photon energies or they are mixed/buried in the features from ligand-based MOs due to their lower detachment cross sections.
The spectra of the MnX 3 Ϫ complexes are similar to those of FeX 3 Ϫ , except that the weak lower binding energy peak ͑X͒ present in the FeX 3 Ϫ spectra were missing. This observa- Ϫ , due to the increased nuclear charge of Co.
The spectra of NiX 3 Ϫ showed three major differences from the lighter 3d metal complexes: ͑1͒ more spectral congestion near the threshold region; ͑2͒ lack of weak low binding energy features present in the spectra of FeX 3 Ϫ and CoX 3 Ϫ ; ͑3͒ the threshold peaks are intense and showed dependence on the ligand type, shifting to lower binding energies in the Br complex relative to that of the Cl complex. However, the high binding energy part of the NiX 3 Ϫ spectra is still similar to those of the lighter 3d metal complexes ͑Fig. 6͒. These observations suggest that the HOMO of the NiX 3 Ϫ complexes should be mainly ligand-based MOs. The spectral congestion near the threshold region may be caused by the overlap of the occupied 3d ␤-spin orbitals with the ligandbased MOs. These observations are consistent with the calculated MO level scheme, shown in Fig. 5͑d͒ for NiCl 3 Ϫ . The 3d ␤ electrons in the Ni complexes are stabilized so much that they are pulled down to the same energy region as the ligand-based MOs. The HOMO of NiX 3 Ϫ becomes the ligand-based ␤-spin orbitals with Ni-Cl * character ͓Fig. 5͑d͔͒. Figure 6 summarizes and compares the two series of metal complexes, MCl 3 Ϫ and MBr 3 Ϫ . Guided by the dashed lines, we can see that the threshold band due to detachment from the metal 3d ␤-spin orbitals shifts rapidly to higher binding energies from 
D. The electronic structure of NiX 3
À and its potential implication for NiFe hydrogenase Our experimental and theoretical results reveal that the electronic structure of NiX 3 Ϫ is unique among the series of 3d metal halides, i.e., the degenerate Cl(3p) or neardegenerate Br(4p) ␤-spin orbitals with Ni-X * character become the HOMOs of Ni II X 3 Ϫ and the 3d ␤ electrons are stabilized and located below the ligand MOs. This suggests that oxidation of Ni 2ϩ complexes with weak-field ligand ͑better electron donor͒, such as the halides, will involve oxidation of the ligand, instead of the metal (Ni II →Ni III ). In the active site of Desulfovibrio gigas NiFe hydrogenase, a Ni atom coordinates with four cysteine sulfur ligands and probably one oxo anion. 49 There are several oxidation forms of the enzyme, but x-ray absorption spectroscopy experiments indicated that the Ni center does not undergo major electron density changes through the catalytic cycle, as there are no significant shifts of the Ni absorption edge. 50 This observation is consistent with our results, suggesting that a ligand charge transfer process may be involved in the catalytic cycle of the NiFe hydrogenase.
E. ADEs and redox potentials
A one-electron oxidation reaction, aside from solvation effects, is similar to electron detachment in the gas phase. Therefore, the gas phase ADEs should be inherently related to oxidation potentials, except that the solvation effects are absent in the electron detachment in vacuum. As discussed earlier, the threshold feature X in the PES spectrum of Fe or Co complex corresponds to removing a ␤ spin 3d electron from the HOMO of each species. This detachment process represents an oxidation of M(II)→M(III) (MϭFe, Co). As we have shown previously, 30, 32 the width of the redox feature of ͓Fe(SCH 3 ) 4 ͔ Ϫ , i.e., the energy difference between the VDE and ADE of the feature ͑X͒, directly reflects the geometry changes after one electron is transferred, and hence is related to the intrinsic reorganization energy upon oxidization ( ox ). The VDE and ADE differences of all the complexes are listed in Table I . The large values of ox for the d 5 complexes FeX 4 Ϫ and MnX 3 Ϫ suggest big geometry changes for the oxidation of these systems and are confirmed by our calculations.
VI. CONCLUSIONS
Photoelectron spectroscopy and DFT calculations on a series of transition metal halide complexes: Fe Ϫ (MϭMn, Fe, Co, Ni, XϭCl, Br) were taken at 193 and 157 nm. The spectral features show strong ligand and photon energy dependence. Spin polarizations driven by the spin-exchange interaction are also revealed by the calculations, but the MO diagrams exhibit a ''mixed level scheme'' for these tri-coordinate complexes, in which the ligand-based MOs and the 3d majority spin orbitals are spaced closely in the same energy regions. The DFT results show that the energies of the metal-based orbitals decrease gradually relative to the ligand-based orbitals from Mn to Ni for MX 3 Ϫ and agree very well with the observed PES spectra.
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